Very little is known about the blood backscattering behavior and signal statistics following flow stoppage at frequencies higher than 10 MHz. Measurements of the radio frequency ͑rf͒ signals backscattered by normal human blood (hematocritϭ40%, temperatureϭ37°C) were performed in a tube flow model at mean frequencies varying between 10 and 58 MHz. The range of increase of the backscattered power during red blood cell ͑RBC͒ rouleau formation was close to 15 dB at 10 and 36 MHz, and dropped, for the same blood samples, below 8 dB at 58 MHz. Increasing the frequency from 10 to 58 MHz raised the slope of the power changes at the beginning of the kinetics of aggregation, and could emphasize the non-Gaussian behavior of the rf signals interpreted in terms of the K and Nakagami statistical models. At 36 and 58 MHz, significant increases of the kurtosis coefficient, and significant reductions of the Nakagami parameter were noted during the first 30 s of flow stoppage. In conclusion, increasing the transducer frequency reduced the magnitude of the backscattered power changes attributed to the phenomenon of RBC aggregation, but improved the detection of rapid growth in aggregate sizes and non-Gaussian statistical behavior.
I. INTRODUCTION
Blood is a heterogeneous suspension of erythrocytes, leukocytes, and platelets in plasma. The scattering of ultrasound by blood is mainly attributed to the erythrocytes, or red blood cells ͑RBCs͒, because they are larger and much more numerous than the other blood particles ͑they constitute around 35%-45% of the blood volume in normal individuals͒. The phenomenon of RBC aggregation, which is known to have a determinant effect on the ultrasound backscattered signal intensity and spectral slope, 1-3 was described as a blood coagulating and decoagulating event more than 300 years ago. 4 In 1929, Fahraeus studied the sedimentation rate of RBCs in various conditions and depicted aggregation as the binding of erythrocytes to form rouleaux and clusters. 5 It is known from the contemporary literature that the formation and breakup of aggregates depends on the shearing conditions of the flow, biological factors such as the concentration of certain plasma proteins, and cellular adhesion mechanisms. 6 The rheological impacts of RBC aggregation on blood flow are numerous and affect both the macro-and microcirculation. Among them may be cited its effect on the formation of sludge blood in microvessels, 7 increased blood viscosity, 8 occurrence of vascular thrombosis, 9 increased flow resistance, 10 increased interaction of leukocytes with the endothelium, 11 and hemodynamics. 12 In addition, the ability of blood to perform its main function, i.e., to transport oxygen, carbon dioxide, nutrients, and metabolic products can be affected by RBC aggregation. 13, 14 The main purpose of the present study was to investigate possible changes in the statistics of the ultrasound signal backscattered by blood, at frequencies between 10 and 58 MHz, as a mean to characterize the dynamics of RBC aggregation. Compared to other hemorheological methodologies used in medicine and research, ultrasound penetrates tissues and can provide measurements in situ. 15 Mean frequencies between 10 and 58 MHz were selected to cover a wide range of spatial resolutions allowing access to different vessel sizes.
A. Statistical models and ultrasound tissue characterization
The statistical analysis of the ultrasound radio-frequency ͑rf͒ signal and of its envelope (B-mode image͒ has been used for some years as an approach to differentiate normal and pathological biological tissues. Kuc 16 introduced the coefficient of kurtosis (K u ) as a mean to differentiate Gaussian from non-Gaussian ultrasound signals. The method was applied to characterize the rf signals backscattered by normal livers ͑Gaussian distribution, K u ϭ3), and by fatty-infiltrated hepatic tissues ͑uniform distribution, K u Ͻ3). It may be noted that a non-Gaussian random variable with a peaking histogram ͑leptokurtic distribution͒ results in K u Ͼ3. The kurtosis coefficient of a given statistical distribution is defined by the ratio of the fourth central moment to the square of the second central moment of the random variable X
where E͓ ͔ represents the ensemble average and x ϭE͓X͔.
From here on, let us consider the ultrasound timedomain rf signal as being statistically described by the random variable X. Assuming that the scattering tissue is composed of many independent subscatterers and according to the central limit theorem, the backscattered echo x(t) is Gaussian distributed and the envelope A(t) thus follows a Rayleigh distribution. 17 However, as presented in the present article, the above considerations may not always be valid when x(t) comes from the backscattering of RBCs or RBC aggregates.
To consider the complexity of ultrasound backscattering by biological tissues, and to better characterize the deviation from the Gaussian ͑for rf signals͒ and Rayleigh ͑for B-mode images͒ distributions, other statistical models were investigated. The K distribution, derived from works in optics, was proposed to study the effect of the concentration of scatterers on the ultrasound speckle statistics of A(t). 18 It was postulated by Weng et al. 18 that clustered scattering may result in non-Rayleigh distributions if one considers a small number of scatterers per resolution cell. In their model, the envelope signal A(t) is K distributed, the probability density function ͑PDF͒ P K (A) is being given by
where the two PDF parameters b and M can be expressed as a function of the moments of the K variable A according to
K u being the kurtosis of the random variable A(t).
In these equations, ⌫ is the gamma function, and J M Ϫ1 is the modified Bessel function of order M Ϫ1. By considering A(t)ϭ͉x(t)͉, one can derive the following relationship:
where K u is the kurtosis of the random variable x(t). When M becomes large, the K distribution is equivalent to the Rayleigh distribution, i.e., the envelope signal PDF obtained when x(t) is Gaussian. Very interestingly, it was shown that the parameter M ͑effective number density͒ of the K distribution is physically related to the nonuniformity in scattering cross sections ͑͒ and to the number of particles in the scattering volume (N), determined by the beam cross section and length of the incident pulse 20 M ϭN͑ϩ1 ͒, ϾϪ1. ͑4͒
It may be worth mentioning that the parameter was unfortunately not explicitly defined in the above article. For human blood at a typical hematocrit of 40%, RBC counts are 4.6-6.2ϫ10 6 particles per ml for man, and 4.2-5.4ϫ10 6 per ml for woman. 1 Thus, because N is very large in a given range cell and because each RBC has a similar acoustic impedance, changes in the number of particles N should play a minor role in affecting the statistics of the backscattered echoes, for the experimental conditions of the present study.
Using simulations, Narayanan et al. 21 tested the range of validity of the Rayleigh probability distribution of the B mode signal (A(t)). Non-Rayleigh histograms were characterized by the K distribution parameters. As the scattering cross sections became more random (→Ϫ1), the effective number density M was shown to decrease. In the same study, the effect of the scatterer's density ͑number of scatterers per unit volume͒ on the departure from the Rayleigh histogram was experimentally verified in a phantom ͑the K distribution functions were plotted for estimated M values of 0.076, 0.707, and 3.940͒. In vivo, the effective number of scatterers M was used to identify breast tumors, 20 and to study breast and liver tissues. 22, 23 Equation ͑3͒ of the K distribution model was also considered to characterize in vitro nonGaussian Doppler signals from a suspension of calf RBCs ͑no aggregation͒ circulating through a severe stenosis. 24 The clustering of RBCs caused by the acceleration of the flow in the stenotic jet was suggested as a mechanism to explain the non-Gaussian behavior of the backscattered signals (K u Ͼ3). A link can thus be made between Eq. ͑4͒ and the phenomenon of RBC aggregation, where broad ranges of scatterer's size ͑parameter ͒ may exist depending on the flow conditions.
Other probability distributions were proposed in the field of ultrasound tissue characterization to consider the spatial correlation of complex heterogeneous tissues. These are introduced here because they may complement the information provided by the K distribution. The Rician, 25 homodyned K, 26 gamma, 27 and Nakagami 28 distributions were adapted from the literature in other fields, and used to characterize the envelope of the ultrasound ͑US͒ backscattered signal. The Nakagami distribution is relatively simple to characterize and has a PDF given by
where ⌫ is the gamma function, ⍀ϭE͓A 2 ͔ is a scaling factor computed from the envelope A(t), and m, the Nakagami parameter, is given by
If one considers a large number of scatterers it is, by definition, greater than or equal to 1 2 . As reported in the literature, m is greater than one for a quasiperiodic half-wavelength spacing of particles, whereas for structures showing some level of organization it is between 1 2 and one. 28 For mϭ1, the Nakagami distribution is equivalent to the Rayleigh distribution, which corresponds to the case of x(t) being a Gaussian signal scattered by randomly located particles. Because some level of spatial correlation among scatterers may be expected for blood with RBC aggregation, 29, 30 the Nakagami parameter m may be of interest to study the backscattered signal by blood.
B. Objectives and hypotheses
In the present study, the first objective was the analysis of the non-Gaussian statistical properties of the backscattered echoes by blood by using the coefficient of kurtosis (K u ) of the rf signal x(t), and the Nakagami parameter (m) of the envelope A(t) obtained by the Hilbert transform of x(t). It was hypothesized that the effective number density of scatterers ͓parameter M of the K distribution model, Eq. ͑4͔͒ should decrease during the formation of RBC aggregates because of the presence of disparity in aggregate' sizes within the volume of interest (→Ϫ1). This should be reflected by an increase of K u above 3 during the kinetics of aggregation ͓Eq. ͑3͔͒ because of the nonhomogeneity of the scattering crosssections induced by the formation of RBC clusters ͑for simplicity, RBC aggregates are considered as the basic scattering units for this study͒. Another hypothesis justifying the use of m ͓Eq. ͑6͔͒ is the possibility of identifying regularity in the aggregate structures ͑if mϾ1 or 1 2 рmϽ1). A second objective of this study was to extend, to higher frequencies, experimental measurements related to changes in blood echogenicity during the kinetics of RBC aggregation. 31 In the study by Qin et al., horse blood was used and the frequency was limited to 10 MHz.
II. METHODS

A. Description of the flow model
All experiments were performed in the steady flow phantom of Fig. 1 . The flow model was composed of a peristaltic pump that circulated human blood from a bottom reservoir to a hermetically closed top reservoir. The height difference between both reservoirs determined the flow rate in the main conduit ͑measurement chamber͒. The pressurization of the top reservoir allowed damping of oscillations produced by the pump. A magnetic stirrer was used to continuously mix blood in the top reservoir, thus eliminating the sedimentation of RBCs and contributing to the disaggregation of rouleaux before entering the descending conduit. The entrance length between the top reservoir and measurement chamber was greater than 22 cm ͑the distance from the on/ off valve was 12 cm͒. A cannulating type flow probe ͑Caro-lina Medical Electronics, model EMPCO 300 AP1 1/16͒ was inserted into the tubing to measure the flow rate in the measurement chamber with an electromagnetic flowmeter ͑Clini-flow II, model FM701D, King, N.C.͒. To control the flow rate in the main vessel, two valves were inserted in the model. The one on the left ͑see Fig. 1͒ regulated the flow in the measurement chamber, while the right valve on the main conduit was maintained open. This allowed adjustment of the flow ͑prereduction flow rate͒ before totally closing the right valve to promote RBC aggregate formation ͑flow stoppage͒. Hot water was circulated within the double walls of the bottom and top reservoirs to regulate the temperature of blood at 37°C.
A closeup view of the measurement chamber is described in Fig. 2 . The main wall-less flow conduit, of inner diameter of 1.6 mm, was made by pouring agar gel around a rigid cylinder maintained on both sides by holes made through the walls of an acrylic box. Following the hardening of the gel, the bar was removed to create the lumen. An acoustic window was made in the agar block, in front of the ultrasound transducer, to adjust the position of the probe. The focused transducer was at 90°with respect to the flow conduit, and the focal point matched the center of the wall-less vessel. The agar gel within an acrylic box and the transducer were immersed in distilled water ͑room temperature͒ filling another acrylic container. Connectors allowed the coupling of the measurement chamber with the rest of the flow phantom. The method used to produce the agar gel was described earlier. 32 The gel was made by mixing 3 g of agar powder ͑Sigma Chemical, high strength agar No. A-6924͒ with 8 ml of glycerol and 86 ml of distilled water at room temperature. The mixture was then heated at ebullition and progressively cooled to provide hardening. The speed of sound in the solidified gel was close to that of biological tissues ͑1540 m/s͒.
B. Blood preparation
Human whole blood and human RBCs, washed and resuspended in saline solution ͑no aggregation͒, were used as ultrasound scatterers. The donors were patients suffering from pathologies requiring recurring bleeding of approximately 450 ml. The patients entered into one of these categories: porphyry, hemochromatosis, and polycythemia vera ͑Vaquez' disease͒. To our knowledge, these pathologies are not associated to morphological or structural modifications of the RBC membrane, nor to significant changes in the plasma composition. Consequently, it was assumed that the rheology of RBC aggregation was that of normal human blood. Following oral approval by the patient, blood withdrawal was done at the University of Montreal Hospital.
All experiments were done within 24 h of blood collection. For whole blood experiments, the samples anticoagulated with ethylenediamine tetra acetic acid ͑EDTA͒ were centrifuged for 20 min at 2300 rpm to separate plasma from blood cells, and the hematocrit was adjusted to 40%. The hematocrit was measured by microcentrifugation at 15 000 rpm for 10 min. For some experiments, the aggregation of RBCs was prevented by using washed erythrocytes. Following the first centrifugation, the plasma was removed and replaced by an isotonic saline solution ͑Celline II™͒. After mixing blood, centrifugation was performed again. This procedure was repeated twice to ensure that all plasma proteins responsible for the aggregation were removed. At the end, the washed erythrocytes were mixed with the Celline II solution at a hematocrit of 40%. A volume of approximately 350 ml of blood was necessary to fill the flow model. Before recording any data, the blood sample was introduced in the phantom, and circulated for approximately 1/2 h to eliminate air bubbles and to raise blood temperature to 37°C.
For each experiment, a blood sample of 1.5 ml was taken from the flow model to measure the aggregation. The erythrocyte aggregation level was determined with a validated erythroaggregameter ͑Regulest, France͒ based on a Couette flow configuration. 33 The instrument provides measurements on the aggregation kinetics following flow stoppage, and on the shear rates necessary to partially or totally break RBC rouleaux. A list of aggregation indices measured with this instrument is provided in Sec. III. Blood viscosity measurements were also performed with a cone-plate rheometer ͑Brookfield, MA, model LVDVIII-CP-42, cone angleϭ1.56°). One ml of blood was withdrawn from the flow model and sheared from 288 to 1s Ϫ1 in the rheometer. At each step shear rate, 30 s were allowed to obtain a steady state of viscosity. Measurements were discarded if the torque of the instrument, at a given shear rate, was not high enough to produce repeatable results.
C. Hemodynamic conditions
An analytical biomechanical model was used to determine the velocity profile and thus the shear rate condition before stopping the flow in the phantom. This was required because no measurement of velocity profiles could be performed in the small vessel considered (diameterϭ1.6 mm). For the case of a laminar non-Newtonian steady flow in a rectilinear tube, the velocity profile V(r) of an incompressible fluid can be defined by the following equation:
where is the dynamic viscosity of the fluid, r is the radial position within the tube, z is the longitudinal distance along the tube, and ‫ץ‬ P/‫ץ‬z is the pressure gradient. Since blood is a non-Newtonian fluid, its viscosity varies as a function of the shear rate ‫ץ‬V/‫ץ‬r. For ϭ f (‫ץ‬V/‫ץ‬r), one can note that the above equation only depends on V(r). As mentioned earlier, the dynamic viscosity was measured for each blood sample by using a cone-plate viscometer. Knowing the relation ϭ f (‫ץ‬V/‫ץ‬r) from experimental measurements and the prereduction flow rate that was set to 40 ml/min for all experiments, the numerical solving of Eq. ͑7͒ is straightforward. For a given pressure gradient ‫ץ‬ P/‫ץ‬z, there is only one solution V(r) that corresponds to the limit conditions of the problem. A dichotomic iterative method was used to solve Eq. ͑7͒. For a fixed value of ‫ץ‬ P/‫ץ‬z, V(r) and the related flow rate were calculated. If the flow rate did not match the experimental value of 40 ml/min, ‫ץ‬ P/‫ץ‬z was changed and V(r) was recalculated. When the solution was found, the mean and maximal shear rates were estimated as follows:
where R is the radius of the tube.
D. Ultrasound transducers
The ultrasound signals were collected with three focused transducers with mean frequencies at 10, 36, and 58 MHz. The descriptions given below were provided by the manufacturers. For all transducers, the frequency response was measured in water, at room temperature, by using a flat reflector positioned at 90°with respect to the probe. The pencil-type piezoelectric ͑PZT͒ narrow-band 10 MHz transducer had a diameter of 3 mm, a focal length at 15 mm, and a bandwidth at Ϫ6 dB ranging from 7.6 to 12.4 MHz ͑Etalon Inc., Lebanon, IN͒. Two wideband polyvinylidene flouride ͑PVDF͒ transducers were used to collect data at higher frequencies ͑Visualsonics, Toronto, Canada͒. The 36 MHz transducer had a diameter of 3 mm, a focal length at 6 mm, and a bandwidth ranging from 18 to 54 MHz at Ϫ6 dB. The probe at 58 MHz had a diameter of 2 mm, a focal length at 4 mm, and a bandwidth of 30-77 MHz (Ϫ6 dB).
E. Data acquisition
Two different pulser-receiver instruments were used to collect the rf ultrasound data at a pulse-repetition frequency ͑PRF͒ of 1 kHz. A Panametrics system ͑model 5900 PR, Waltham, MA͒ was used to transmit negative impulses to the 10 MHz transducer. The echoes backscattered by blood within the vessel lumen were amplified and filtered between 1 and 20 MHz by the Panametrics receiver. An ultrasound biomicroscope ͑Visualsonics, model UBM VS40͒ was used to pulse the high-frequency transducers with bipolar square waves ͑the frequencies available were 19, 25, 40, or 55 MHz͒. The biomicroscope was operated in rf mode. To facilitate the experiments, the probe was not fixed to the moving scan head during recordings of data. The 36 MHz transducer was fired at 19 MHz and a bandpass filtering between 5 and 40 MHz was applied to the received echoes. The excitation frequency was 55 MHz and the bandpass filter covered the range of 30-80 MHz for the 58 MHz transducer. For experiments performed with the ultrasound biomicroscope, the excitation frequencies and bandpass filtering values were selected to reduce overlap in the frequency response of the backscattered ultrasound signals.
The PRF trigger at 1 kHz of the Panametrics and Visualsonics systems were used to synchronize the acquisition of the backscattered echoes by an 8-bit Gagescope acquisition board ͑model 8500 CS, Montreal, Canada͒. The rf signal was digitized at 500 MHz by using the following multiple record acquisition strategy. Ten successive echoes from within the vessel lumen were acquired and stored into the memory of the Gagescope ͑typically 750 samples or 1.5 s of data were acquired from a window centered with the tube axis for each excitation pulse separated by a duration of 1 ms͒. A delay of 3 s was allowed between each record of ten echoes to transfer the data to a microcomputer. This process was repeated for a duration of 1 min before stopping the flow, and for more than 6 min during the process of RBC aggregate formation. For each blood sample studied, measurements were performed with the three transducers. The selection order of the probe frequency was randomly chosen to avoid time effect in the interpretation of the results. For a given blood sample and probe frequency, measurements were repeated five times for averaging purposes. A total of six experiments with different blood samples were performed ͑three whole blood and three saline suspended RBC experiments͒.
F. Kurtosis and Nakagami estimates and confidence intervals
Having obtained a finite number N s of random samples ͓X 1 ,...,X Ns ͔ that satisfies the same PDF ͓computed from the rf signal x(t) or envelope A(t)], one wants to assess the kurtosis and Nakagami parameters of the underlying distribution of X. The empirical mean
and the central empirical moments
are first defined. They are biased estimators of the kth central moments of X for kϾ1. The two random quantities K u and m given by the equations
are then estimators of the kurtosis and Nakagami parameters that are used from now. Considering that K u and m can take random values around the real K u and m, a convenient method must be used to interpret them and to assess their robustness. The estimator K u was used to test if the random signal X was effectively Gaussian. Let H0 be the hypothesis ''X is a Gaussian variable.'' Under H0, K u has a certain PDF, which is independent of the mean and standard deviation of X but dependent on N s . Using many Monte Carlo simulations of unit centered normal variables ͑in our case, 10 000 simulations of N s Gaussian variables͒, the histogram of K u and the 95% confidence interval G 1 (N s ) for the value ͉K u Ϫ3͉ ͑the absolute error of estimation͒ were computed under the hypothesis H0:
Using measured data, if the estimated kurtosis K u did not fall inside the interval ͓3ϪG 1 (N s ); 3ϩG 1 (N s )͔, then the hypothesis H0 of normality of the random samples was rejected.
A similar approach was used to test if a given random positive signal envelope satisfied the Rayleigh distribution by using the Nakagami parameter that is theoretically one in this case. The N s dependent PDF of m was estimated by using many simulations of Rayleigh variables and the hypothesis H1: ''X is a Rayleigh random signal'' was considered. One can then extract a value for G 2 (N s ), the 95% confidence interval of the error of estimation ͉m Ϫ1͉ P͉͑m Ϫ1͉рG 2 ͑ N s ͉͒H1 ͒ϭ0.95. ͑14͒
In the case that m differed from 1 by more than G 2 (N s ), then the hypothesis H1 was rejected. Table I summarizes the aggregation indices measured with the erythroaggregameter. The third and last columns show results reported in the literature for calf blood ͑no aggregation͒, and normal human blood collected from young healthy volunteers. 35 It is well known that bovine blood does not form RBC aggregates. The instrument provided measurements of aggregation indices following flow stoppage (tA in seconds and S 10 no unit͒, and shear rate values necessary to break rouleaux (␥D and ␥S in s Ϫ1 ). The parameter tA is the aggregation time, S 10 is the aggregation index at 10 s, and ␥D and ␥S are the partial and total dissociation shear rates, respectively. A complete description of those indices can be found elsewhere. 36 The aggregation kinetics is inversely proportional to tA. In other words, a low value of tA indicates rapid formation of RBC aggregates. On the other hand, low values of S 10 indicate a slow kinetics, and small ␥D and ␥S signify fragile aggregates. As observed in Table I , very little, if any aggregation, was found for the washed human erythrocytes (␥D and ␥S are similar to values measured for calf blood͒. For the human blood samples, the parameters were close to the data reported earlier by our group for healthy subjects. 35 This indicates that the levels of aggregation measured for the patients with porphyry, hemochromatosis, and polycythemia vera were similar to those of normal human blood.
III. RESULTS
A. Aggregation levels
B. Hemodynamic conditions
As discussed earlier, the solution of Eq. ͑7͒ for V(r) provided an estimate of the hemodynamic flow conditions before closing the valve to promote the formation of RBC aggregates. The dynamic viscosities , measured for each experiment, were used in this equation. The non-Newtonian property of blood did not affect the velocity profiles for the conditions of the present study. For instance, the estimates of V(r) were very similar for whole blood (nϭ3) and RBC suspension (nϭ3) experiments. The velocity profiles (n ϭ6) were parabolic with mean velocities of 34.4Ϯ0 cm/s ͓meanϮstandard deviation, the standard deviation is zero because the mean velocity is computed from the prereduction flow rate that is imposed in the model of Eq. ͑7͔͒, maximum centerline velocities of 68.6Ϯ0.2 cm/s, mean shear rates of 1170Ϯ0 s Ϫ1 , maximum shear rates at the wall of 1755 Ϯ6 s Ϫ1 , and Reynolds numbers of 182Ϯ13 ͑laminar flow͒. For the entrance length considered in Fig. 1 (Ͼ12 cm) , fully developed parabolic flow profiles were expected since the non-Newtonian effects are nonsignificant. According to these shear rate values, it is reasonable to postulate that all RBC aggregates were disrupted before stopping the flow. Figure 3 presents the rf backscattered power variations following flow stoppage for both RBC suspension and whole blood experiments. The backscattered power was computed from the time domain signal by summing the squared values of the rf signal x(t) over the time window considered ͑10 ms, ten records of 1.5 s separated by time intervals of 1 ms͒. The results are shown for transducer mean frequencies of 10, 36, and 58 MHz. For all measurements, the backscattered power before stopping the flow ͑at tϭ0) was averaged and set to one to facilitate comparisons. For RBC suspensions, a slight increase of the backscattered power ͑below 1 dB͒ was observed at 10 MHz following flow stoppage. At 36 and 58 MHz, the power dropped rapidly after flow stoppage by factors of approximately 1.7 times (Ϫ2.2 dB) and 2.2 times (Ϫ3.5 dB), respectively, after more than 6 min of flow stoppage. For human whole blood, much larger changes in backscattered power were observed during the kinetics of RBC aggregate formation. At 10 MHz, the power increased 26-fold ͑14.2 dB͒ between 0 and 410 s. At 36 MHz, the rate of increase of the backscattered power, between 0 and 70 s, was much faster than at 10 MHz. The maximum reached after 70 s corresponded to changes in backscattered power of more than 15 dB ͑32 times͒. A reduction of the power by approximately 2 dB was noted following the maximum. The rate of increase of the power was similar between measurements at 36 and 58 MHz, for the first few seconds following tϭ0. However, at 58 MHz, the plateau was reached earlier and the power increase was below 8 dB ͑6.3 times͒. To allow comparisons of the frequency bandwidths measured in water with the three transducers ͑as provided by the manufacturers͒ to those obtained from the flow model, the power spectra of the rf backscattered signals at the end of the kinetics of aggregation were computed. For each transducer, an average spectrum was evaluated from the spectra of 1500 rf lines ͑10 rf linesϫ10 records separated by 3 s between 384 and 414 sϫ5 measurements per sampleϫ3 blood samples͒. Figure 4 combines the results for the three transducers. The mean frequencies within Ϫ20 dB of the main lobe were, respectively, 11, 22, and 42 MHz, which is similar to or lower than the mean values of 10, 36, and 58 MHz measured in water with a flat reflector. The frequency chosen for the transmitted pulses, the bandpass filters selected, the frequency-dependent attenuation of blood, and artifacts produced by the measurement chamber can explain the differences. For RBCs suspended in saline, the mean frequencies were 11, 23, and 47 MHz, respectively ͑results not shown͒. The lower frequency-dependent attenuation in the absence of RBC aggregation can explain the higher mean frequencies obtained for RBC suspensions with the two highest frequency transducers. From here on, to avoid ambiguity, the transducers are still designated as the 10, 36, and 58 MHz probes. Figure 5 describes the coefficients of kurtosis as a function of time for both RBC suspension and whole blood experiments at 10, 36, and 58 MHz. Similar results were obtained for both types of blood. To this matter, the formation of RBC aggregates following flow stoppage did not affect significantly the estimates of the coefficients of kurtosis. At 10 and 36 MHz, Gaussian rf signals with K u close to 3.0 were observed for both types of blood ͑most values were within the confidence interval͒. Increasing the transducer frequency to 58 MHz raised the values of K u slightly above the Gaussian limit.
C. Power and frequency content of the backscattered signals
D. Coefficient of kurtosis
Since it was hypothesized that disparity in scatterer sizes within the volume of interest may produce non-Gaussian scattered signals, the coefficients of kurtosis were recomputed by considering four window durations for which different ranges of aggregate sizes would be expected. The same strategy was also applied for the suspensions of RBCs but as expected, changing the window length had no effect on the values of K u ͑the results are not shown but they were similar to those of Relative changes in the ultrasound backscattered power for human RBCs suspended in saline and human whole blood at a hematocrit of 40%, and a temperature of 37°C. The measurements were performed with three transducers at mean frequencies of 10, 36, and 58 MHz. The standard errors are only displayed for selected times to reduce the density of the graphs (n ϭ15; three blood samples and five measurements per sample͒.
FIG. 4.
Normalized power density spectra of the rf signals backscattered by human whole blood at a hematocrit of 40%, and a temperature of 37°C. The maximum of each mean spectrum was normalized to 0 dB. The measurements were obtained from the flow phantom of Fig. 1 , by using three different transducers. The 10 MHz transducer was fired by negative impulses, whereas the 36 and 58 MHz probes were excited by bipolar square pulses at 19 and 55 MHz, respectively. ration of 42 s are presented. At 10 MHz, as shown in Fig. 6 , a significant increase of K u to 3.8 was observed during the first few seconds following flow stoppage. Between 120 and 420 s, K u values were close to the confidence interval. The non-Gaussian effect was largely amplified at higher frequencies. Maximum averaged values of K u close to 5.4 were obtained at 36 and 58 MHz. For the three frequencies considered, the peaks of K u occurred between 18 and 27 s after flow stoppage.
E. Coefficient of Nakagami
According to Fig. 7 , the information conveyed by the coefficient of Nakagami seems to be very similar to that provided by the coefficient of kurtosis. For instance, each panel of Fig. 7 , obtained from the instantaneous rf signal envelopes, is close to a mirror of that presented in Fig. 5 . At a given time instant and frequency, an increase of K u corresponds to a similar reduction of m , and vice versa. As reviewed in Sec. I, a Gaussian rf signal gives mϭ1. For the human erythrocytes suspended in saline, the rf signals were Gaussian at 10 and 36 MHz. At 58 MHz, the same blood samples resulted in non-Gaussian backscattered signals with m close to 0.7. For whole blood, the rf signals were generally Gaussian except for some results at 10 and 58 MHz. Surprisingly, non-Gaussian behavior was found at 10 MHz after approximately 100 s of flow stoppage. Figure 8 summarizes, for human whole blood, the results of the coefficients of Nakagami for a window of 42 s. Increasing the window length emphasized the non-Gaussian property of the rf signals, especially at 36 and 58 MHz. The increase in the size of aggregates during the first few seconds of rouleau formation clearly reduced the values of m . The minimums reached after 10-25 s following flow stoppage were below 0.4. As reported before for the coefficient of kurtosis, using a window of 42 s ͑or any others between 12 and 60 s͒ had very little effect on m for the RBC suspension experiments ͑the results are not shown but they were similar to those of Fig.  7 -left panel͒.
IV. DISCUSSION
A. Ultrasound backscattered power variations
The following discussion intends to provide an explanation for the results of Fig. 3 ͑left panel͒. It is known that flow disturbance can increase the echogenicity of RBC suspensions, 37, 38 if the number density of scatterers is sufficient to provide variance in their spatial distribution ͑that variance affects the packing or structure factor͒. Changes in echogenicity on the order of 3-5 dB were reported at frequencies of 10 MHz and below, for hematocrits higher than 10%, approximately. It is not clear, in Fig. 3 ͑left panel͒, why stopping the flow provided a slight increase on the order of 1 dB of the backscattered power at 10 MHz. This increase may not be significant, considering the standard deviations reported. A more robust explanation can be provided for the results at 36 and 58 MHz. As seen on the left panel of Fig. 3 , the backscattered power was higher by approximately 2.2 and 3.5 dB at 36 and 58 MHz, respectively, before stopping FIG. 6 . Coefficient of kurtosis (K u ) for human whole blood at a hematocrit of 40%, and a temperature of 37°C. A time window of 42 s was considered for the computation of K u . The measurements were performed with three transducers at mean frequencies of 10, 36, and 58 MHz. The standard errors are only displayed for selected times to reduce the density of the graphs (nϭ15; three blood samples and five measurements per sample͒. The horizontal lines correspond to the confidence interval of the estimates ͓3 ϮG 1 (N s ), as defined by Eq. ͑13͔͒.
FIG. 5.
Coefficient of kurtosis (K u ) for human RBCs suspended in saline and human whole blood at a hematocrit of 40%, and a temperature of 37°C. A time window of 10 ms was considered for the computation of K u . The measurements were performed with three transducers at mean frequencies of 10, 36, and 58 MHz. The standard errors are only displayed for selected times to reduce the density of the graphs (nϭ15; three blood samples and five measurements per sample͒. The horizontal lines correspond to the confidence interval of the estimates ͓3ϮG 1 (N s ), as defined by Eq. ͑13͔͒. the flow. This seems to indicate that a Reynolds number, as low as 182 before flow stoppage, may be sufficient to provide variance in the RBC spatial distribution that is detectable at high frequencies. This suggest that the use of transducers at 36 and 58 MHz may improve the detection of blood flow disturbances with ultrasound, but this still needs to be confirmed. Very interestingly, Lookwood et al. 39 reported an increase by 1.6 times of the backscattering coefficient at a mean frequency close to 50 MHz when the flow in a phantom was increased from 18 to 36 cm/s. Flow turbulence was then postulated as a possible mechanism to explain the backscattered power increase ͑RBC aggregation was prevented in these experiments͒.
Very little is known about the backscattering of ultrasound by whole blood at high frequencies. 3, 40 To our knowledge, the kinetics of RBC aggregation following flow stoppage has never been studied at frequencies higher than 10 MHz. 31, 41, 42 According to Fig. 3 ͑right panel͒, increasing the ultrasound frequency seemed to improve the sensitivity of the method to rapid changes in RBC aggregate sizes by decreasing the time response of the US power. On the other hand, it can be observed in Fig. 3 that the range of variation of the backscattered power during the kinetics of aggregation was much lower at 58 MHz ͑8 dB͒ then at 36 MHz ͑15 dB͒ or 10 MHz ͑14.2 dB͒. Although only one human blood sample was analyzed in their study, Foster et al. 3 also noticed a lower sensitivity to the phenomenon of RBC aggregation at high frequency. For instance, by studying the backscattering coefficient as a function of the shear rate and frequency they observed, at 35 MHz, a 14.3 dB variation between 0.1 and 100 s Ϫ1 , and a variation of only 2.9 dB, for the same range of shear rate, at 70 MHz. Very recent simulation results 29, 43 predicted the reduced sensitivity of US backscattering to the phenomenon of RBC aggregation at high frequency. The reduction of the sensitivity was attributed to a decrease of the spectral slope at frequencies above 30 MHz, approximately ͑the fourth power frequency dependence of US backscattering, which is characteristic of Rayleigh scatterers, is no longer valid in the presence of RBC aggregation at these frequencies; consequently, for a step increase in aggregate sizes, smaller power enhancements are obtained at high frequencies͒.
According to the results of Fig. 3 ͑right panel͒, increasing the frequency from 10 to 36 MHz seemed to be beneficial for the application in hand because the rate of increase of the backscattered power for small changes in aggregate sizes ͑at the beginning of the kinetics of aggregation͒ was raised, without significant reduction in sensitivity to large variations in aggregate dimensions during the whole process of RBC rouleau formation. This result is interesting and may deserve more attention. For instance, it would be of interest to determine which frequency between 10 and 36 MHz is optimal to detect dynamic changes in RBC aggregate sizes. The observations of Fig. 3 also may be of interest to interpret the cyclic variations in echogenicity observed at various frequencies under pulsatile flow. 44, 45 Finally, this study had a limitation that may deserve discussion. Because three different transducers with different aperture sizes, focal distances, and frequencies were used, the scattering volumes were different. To allow comparison of the results, the mean backscattered power before flow stoppage had to be normalized to one for each transducer, and only relative backscattered FIG. 7 . Coefficient of Nakagami (m ) for human RBCs suspended in saline and human whole blood at a hematocrit of 40%, and a temperature of 37°C. A time window of 10 ms was considered for the computation of m . The measurements were performed with three transducers at mean frequencies of 10, 36, and 58 MHz. The standard errors are only displayed for selected times to reduce the density of the graphs (nϭ15; three blood samples and five measurements per sample͒. The horizontal lines correspond to the confidence interval of the estimates ͓1ϮG 2 (N s ), as defined by Eq. ͑14͔͒.
FIG. 8.
Coefficient of Nakagami (m ) for human whole blood at a hematocrit of 40%, and a temperature of 37°C. A time window of 42 s was considered for the computation of m . The measurements were performed with three transducers at mean frequencies of 10, 36, and 58 MHz. The standard errors are only displayed for selected times to reduce the density of the graphs (nϭ15; three blood samples and five measurements per sample͒. The horizontal lines correspond to the confidence interval of the estimates ͓1ϮG 2 (N s ), as defined by Eq. ͑14͔͒.
power changes were investigated. It would have been preferable to measure the absolute backscattering coefficient compensated for the frequency-dependent attenuation, but the experimental setup made this difficult to do.
B. Coefficient of kurtosis
As observed in Fig. 5 for both RBC suspension and whole blood experiments, Gaussian statistics (K u Ϸ3.0) were obtained at 10 and 36 MHz when the instantaneous rf signals were analyzed. Raising the frequency resulted in an overall significant increase of K u whatever the time instant before or after stopping the flow. For any frequency, the formation of RBC aggregates at tϾ0 did not affect K u when small time windows were considered ͑the instantaneous analyses of K u were obtained from time windows of 10 ms -i.e., ten records of 1.5 s at a PRF of 1 kHz͒. The Gaussian backscattering behavior at 10 and 36 MHz can thus be interpreted from the analysis of Eqs. ͑3͒ and ͑4͒. For instance, the K-distribution model stipulates that the effective number of scatterers (M ϭ3/(K u Ϫ3)) is a function of the actual number of particles (N), and of the lack of uniformity of their cross sections ͑͒. At a normal hematocrit of 40% ͑the hematocrit determines the value of N), it can be concluded that the spatial and temporal variations in RBC aggregate sizes ͑͒ were not sufficient to reduce the value of M for a time window of 10 ms.
A different backscattering behavior was observed for whole blood experiments when longer windows ͑12-60 s͒ and the unstationary RBC aggregation process were considered. As seen in Fig. 6 for a time window of 42 s, the nonGaussian statistics were emphasized at 36 and 58 MHz at the beginning of the kinetics of aggregation. This suggests reductions in the effective number of scatterers (M ϭ1.25 for K u ϭ5.4) at these frequencies. The lack of uniformity of the backscattering cross sections of scatterers is the mechanism proposed to explain the large increases of K u . Similar findings have never been reported in the literature on blood scattering. According to Fig. 6 , the 10 MHz probe did not seem to be as sensitive to the presence of a broad range of RBC aggregate sizes within the volume of interest. Because Rayleigh scattering that likely occurs at 10 MHz is theoretically independent of the scatterer shape, 1 this explains why the transitory increases in K u are mainly detected at the highest frequencies.
To our knowledge, Fontaine et al. 24 were the only group to study the statistics of the rf signals backscattered by blood. However, their study was based on nonaggregating RBC experiments. In addition, it can be mentioned that few studies investigated the effect of the ultrasound transmitted frequency on non-Gaussian properties of US backscattered signals. All of them were at frequencies below 7.5 MHz. In a study by Chen et al., 19 tissue phantoms were used to demonstrate the effect of the transducer frequency, ultrasound field, and density of scatterers on non-Rayleigh characteristics of the envelope. Deviation from the Rayleigh distribution ͑re-duction of K u ) was observed when the frequency was increased from 3.5 to 5 MHz. These results were explained by the larger ultrasound beam of the 3.5 MHz transducer ͑the beam incorporated more scatterers͒. In the present study, the beam profiles were different between the 10, 36, and 58 MHz transducers ͑the larger beam was at 10 MHz and the smaller one was at 58 MHz; the length of the range cell within the tube was kept close to constant for all transducers͒. The larger beam may be considered as a confounding factor that could have contributed to the overall tendency toward an increase of K u as a function of frequency. However, the likelihood that this happened is small, considering the large number of RBCs present in the sample volume ͑at a hematocrit of 40%͒. Futhermore, it is important to emphasize that changes in the beam width cannot explain the time variations of K u observed in Fig. 6 for a given transducer since the beam characteristics did not change over time.
C. Coefficient of Nakagami
As shown in Figs. 7 and 8 , the information conveyed by the coefficient of Nakagami is very similar to that provided by the coefficient of kurtosis. The inverse relation or correlation between both parameters can be appreciated by comparing Eqs. ͑1͒ and ͑6͒. As introduced earlier, the literature suggests a quasiperiodic half-wavelength spacing of particles for m greater than one, whereas structures showing some level of organization should give values of m between 1 2 and one. 28 The following explanation is suggested for the results of Figs. 7 and 8. At 10 MHz, since the wavelength is approximately 154 m, the periodic spacing of RBCs or RBC aggregates may not correspond to half or a larger fraction of the wavelength. Consequently, m was close to one, suggesting randomly located particles when viewed at such a relatively low spatial resolution. Surprisingly, for a temporal window of 10 ms, m reached values close to 1.4 during the kinetics of aggregation ͑Fig. 7, right panel͒. Since we observed a lower signal-to-noise ratio at 10 MHz than at the other frequencies, this may reflect a lack of statistical robustness of the Nakagami estimates for the small window of 10 ms. Less variances in the estimates of m were obtained for a window of 42 s ͑see Fig. 8͒ .
When the frequency was increased to 36 and 58 MHz, the same spacing in the spatial organization of RBCs or RBC aggregates started to be on the order of a fraction of the wavelength, as suggested by the m values between 1 2 and one, for both time windows of 10 ms and 42 s. Interestingly, as shown in Fig. 8 , the rapid growth in RBC aggregate sizes between 10 and 25 s following flow stoppage momentarily reduced the Nakagami coefficient at the higher frequencies, which suggest some additional level of spatial organization. It is important to point out here that a thorough analysis of the phase of the rf signals would be required to confirm the existence of spatial coherence among scatterers at a fraction of the wavelength, as suggested in Ref. 46 . To our knowledge, the effect of frequencies between 10 and 58 MHz on the Nakagami coefficient has never been addressed. It may be worth mentioning that the values of m Ͻ 1 2 observed in Fig.  8 are probably not artifactual. The theoretical lower limit of 1 2 can be violated for specific conditions ͑such as a small number of scatterers in the volume of interest͒, as shown earlier. 28 Finally, one may be cautious with the physical interpretation of K u and m , because of the inverse correlation between both parameters and the fact that the literature interprets them differently (K u is affected by the nonuniformity in scattering crosssections, whereas m reflects periodic organization among scatterers; both parameters are influenced by the number of particles in the scattering volume͒.
D. Validity of the K and Nakagami probability density distributions
The validity of the K and Nakagami PDF ͓Eqs. ͑2͒ and ͑5͔͒ to describe the histogram of A(t) was tested on the data available. For all results in Figs. 5-8 where K u Ϸ3.0 and m Ϸ1.0, the experimental histogram could adequately be modeled with either the K, Nakagami, or Rayleigh PDF. However, for non-Rayleigh conditions, discrepancies were observed between the experimental histograms and those modeled with Eqs. ͑2͒ and ͑5͒. For example, Fig. 9 shows probability density distributions of A(t) for whole blood experiments performed with a time window of 42 s, at 10-25 s following flow stoppage ͑the data corresponding to the maximum of K u in Fig. 6 and minimum of m in Fig. 8 were used for this example͒. At 10 MHz, the K PDF adequately described the experimental histogram of A(t). As the frequency was raised to 36 and 58 MHz, neither the K nor the Nakagami distributions adequately fit the experimental results. This suggest that the physical conclusions extrapolated from these models ͓effective number density of scatterers, parameter M of Eq. ͑4͒; and orderliness in the spatial arrangement of scatterers, Eq. ͑5͔͒ may not be valid for some of the experimental conditions considered here.
V. CONCLUSION
Experimental measurements of backscattered power changes from human RBC suspensions and whole blood were presented. The most significant power variations were attributed to the phenomenon of RBC aggregation. The backscatter enhancement due to aggregation was shown to decrease with frequency, which agree with recent simulation models. 29, 43 It appeared that the time response to rapid changes in scatterer sizes, from individual cells to aggregates of a few RBCs, increased by raising the frequency of the US transducer. Among the three tested frequencies, the best compromise between the echogenicity enhancement and time response was obtained at 36 MHz.
The statistics of the backscattered signals also was investigated by computing the coefficients of kurtosis of the rf signal and the Nakagami parameter on the signal envelope. By computing the statistics over short signal segments ͑10 ms͒, Gaussian distributions were obtained at 10 and 36 MHz for both RBC suspension and whole blood experiments (K u Ϸ3.0 and m Ϸ1.0). Increasing the frequency to 58 MHz modified the statistical nature of the rf backscattered signal to non-Gaussian distributions. By using time windows between 12 and 60 s ͑only the results for a window of 42 s were presented͒, a significant non-Gaussian behavior, highly emphasized at the beginning of the kinetics of aggregation, was observed at 36 and 58 MHz. Although attributed to the nonuniformity in backscattering cross sections or to some orderliness in the spatial arrangement of scatterers, it is clear from the results of the current study that the mechanisms of the non-Gaussian backscattering behavior at high frequency may deserve more attention. It was also shown that the K and Nakagami statistical distributions do not always adequately describe the ultrasound signals backscattered by normal human whole blood.
